We estimate the effect of broadband infrastructure, which enables high-speed internet, on economic growth in the panel of OECD countries in 1996-2007. Our instrumental-variable model derives its non-linear first stage from a logistic diffusion model where pre-existing voice-telephony and cable-TV networks predict maximum broadband penetration. We find that a 10 percentage-point increase in broadband penetration raises annual per-capita growth by 0.9-1.5 percentage points. Results are robust to country and year fixed effects and controlling for linear second-stage effects of our instruments. We verify that our instruments predict broadband penetration but not diffusion of contemporaneous technologies like mobile telephony and computers.
Introduction
High-speed internet access via broadband infrastructure has developed rapidly worldwide since the late 1990s. Broadband infrastructure allows the generation and distribution of decentralized information and ideas in markets increasingly relying on information as an input. In light of modern theories of endogenous growth (e.g., Romer 1990 ), this should accelerate economic growth by facilitating the development and adoption of innovation processes. In this way, broadband infrastructure may differ not only from other types of public infrastructure such as roads and bridges, but also from more traditional telecommunications infrastructure. While the latter's impact on economic growth has been analyzed before (Röller and Waverman 2001) , the new growth theories suggest that the growth effects of modern communication networks that have emerged since may have a different quality. Voice-telephony infrastructure has a coordination function and reduces transaction costs for existing businesses. On top of that, high-speed internet via broadband infrastructure may accelerate the distribution of ideas and information and foster competition for and development of new products, processes, and business models, thereby further facilitating macroeconomic growth.
In this paper, we test the effect of broadband infrastructure on economic growth using an annual panel of 25 OECD countries in 1996-2007 (broadband introduction started in 1997 in the first country). Considering that broadband penetration may be endogenous to the growth process, our empirical identification builds on the idea that broadband roll-out tends to rely on traditional voice-telephony and cable-TV networks. Therefore, we specify a technology diffusion model in which variations in the ceiling of the broadband diffusion curve across countries are determined by the extent of the pre-existing traditional networks. Using only the part of the variation in broadband penetration that can be predicted by this diffusion model, we find a significant positive effect of broadband introduction and penetration on economic growth. Our instrumental-variable results suggest that a 10 percentage-point increase in the broadband penetration rate results in a 0.9-1.5 percentage-point increase in annual per-capita growth.
Broadband internet and the underlying infrastructure fulfill many characteristics of a general purpose technology (GPT) that fundamentally changes how and where economic activity is organized (Harris 1998 Indeed, we show that there is a significant positive association between broadband deployment and economic growth in the panel of OECD countries since the mid-1990s.
However, this simple association may be driven by reverse causality and omitted variables.
First, individuals in high-income countries may also have a high ability to pay for broadband services, resulting in more rapid broadband penetration. Second, state intervention in telecommunications might depend on the level of economic development in a country, thus confounding the effect of regulation and sectoral policies with the effect of broadband diffusion. Third, given the rapid technological change in the last decades, broadband diffusion took place at the same time as the diffusion of other technologies like mobile telephony and computers (Comin, Hobijn, and Rovito 2008) , making it difficult to isolate the specific effect of broadband.
To address these problems, we develop an instrumental-variable (IV) approach based on the fact that broadband deployment takes place alongside existing infrastructure elements, which creates path dependencies given the pre-existing heterogeneity in infrastructure across countries. Thus, our first-stage model is based on a diffusion model of broadband technology in which the extent of pre-existing fixed-line telephony and cable-TV networks determines the maximum reach of the broadband network in each country. These existing networks only affect the supply side of broadband diffusion and therefore rule out demand-side effects due to differences in wealth and growth and policy-induced effects. Drawing on the large literature on technology diffusion models (e.g., Geroski 2000), we specify a logistic diffusion curve where maximum broadband penetration is limited by the extent of the traditional networks. Combining these pre-existing instruments with the logistic shape of the diffusion curve allows us to predict broadband penetration in a country over time. The predicted values of the broadband penetration rate from this non-linear first stage help us identify the effect of broadband on economic growth in the second stage.
We specify two types of second-stage models. In the first, GDP per capita is modeled as a function of a dummy for broadband introduction in a difference-in-differences specification.
Our IV results show that GDP per capita is about 2.7 to 3.9 percent higher on average after than before broadband introduction, controlling for country and year fixed effects. The second type of the second-stage model specifies a classical cross-country growth model where the broadband penetration rate is added as a determinant of the growth rate of GDP per capita.
We find that an increase in the broadband penetration rate by 10 percentage points increases annual per-capita GDP growth by 0.9 to 1.5 percentage points over our sample period.
Our results are robust to the inclusion of country and time fixed effects as well as a number of control variables and to the specific set of countries in our sample. Given that our first-stage model is non-linear, we can include our instruments linearly in the second-stage model, which again does not affect our results. Further, we show that our instruments indeed determine the ceiling for broadband but not the diffusion of other potentially growth-enhancing technologies like mobile telephony and computers diffusing at about the same time. These results confirm the validity of our instruments and underline the causal character of the growth effect of broadband infrastructure.
The remainder of the paper is organized as follows. Section 2 briefly summarizes prior work on broadband and economic growth. Section 3 introduces a simple growth regression framework and our database and presents results on the association between broadband penetration and economic growth. Section 4 develops our IV approach, presents results on the causal effect of broadband penetration on economic growth, and tests for instrument validity and robustness. Section 5 concludes.
Literature on Broadband and Economic Growth
Theories of endogenous growth model the generation and distribution of ideas and information as the key driver of economic growth (Lucas 1988; Romer 1990 ; Aghion and Howitt 1998). Against this background, high-speed internet via broadband infrastructure may affect the innovative capacities of the economy through development of new products, processes, and business models to promote growth. Moreover, cheaper information dissemination can facilitate the adoption of new technologies devised by others, which again promotes economic growth (Nelson and Phelps 1966; Benhabib and Spiegel 2005) . This also suggests that spillovers of codified knowledge across firms and regions may constitute another channel by which information technology in general and broadband deployment in particular affect economic growth.
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Broadband internet enables the exchange of data across multiple locations and aids decentralized information processing (see Hayek 1945 for a conceptualization of the importance of decentralized information processing). Every actor in an economic system uses existing information as an input to generate new informational output. During information processing, the actor can enrich and evaluate the initial information due to experience and a different perspective and understanding, which eventually leads to a multiplication of information for the benefit of all actors. Beyond the reduction of costs of existing business processes arising from the emergence of telecommunications infrastructure for voice telephony, high-speed internet enables the emergence of new business and firm-cooperation models that rely on the spatial exchange of large batches of information, which fosters competition and innovation processes. On the demand side, broadband internet may increase market transparency and thus additionally intensify competition.
Broadband infrastructure, when combined with information technologies, can also affect firm productivity and economic growth in additional ways. The development of information technologies fundamentally changed and improved the processing of information, resulting in significant productivity growth of IT-using firms (Stiroh 2002 Assuming that the technological state evolves along an exponential growth path over time, it can be written as:
where λ i is the growth parameter of technological progress for country i.
Assuming that the distribution of ideas and information via broadband internet increases the development of and competition for new products and processes and facilitates the adoption of new technologies devised by others, we expect broadband infrastructure to affect the growth parameter λ i . To determine the effect of the introduction of broadband on economic growth, we start with the following simple specification:
Here, α t are year dummies and D it is a binary variable equal to one after country i has introduced broadband. This yields a difference-in-differences specification of equation (1):
Thus, α 1 gives the effect of the introduction of broadband introduction on GDP per capita, α i capture country-specific effects, and ε it is an error term.
The preceding specification assumes that there is a permanent shift in GDP per capita once broadband has been introduced. While this may be true if most benefits from broadband originate from availability and from early adopters, broadband penetration in the entire economy may also positively affect economic growth by continuously spurring innovation processes. To model the effect of broadband diffusion on economic growth, we write
Here B i is the broadband penetration rate, i.e., the share of the population that has subscribed to broadband in country i. Taking first differences, this results in a modified equation (1) in which we additionally control for initial GDP per capita y i0, i.e., one year before the first appearance of broadband (Barro 1991) :
We are primarily interested in the effects of persistent differences in broadband penetration rates among countries. We therefore control for the catching-up in broadband diffusion by including the years since broadband introduction in a country,
B it
T . This ensures that we only compare rates of broadband penetration at the same point in the diffusion process, which may differ across countries.
Data for OECD Countries
Broadband penetration is measured as the number of broadband subscribers per 100 inhabitants, provided by the OECD Broadband Portal. A broadband line is defined as a line (DSL, cable, fiber, or other) that offers download speeds of at least 256 kbit/s. The first country in our sample (Canada) started rolling out broadband in 1997. To start our analyses in the year before any broadband introduction, our first observation year is 1996. Table 1 for the list of countries). In models that do not control for investment and education, we can add five more countries with missing data on these control variables (the Czech Republic, Italy, Portugal, South Korea, and Spain).
3 Table 1 provides descriptive statistics for the countries in our sample.
In addition to the variables described above, Table 1 inhabitants were Denmark (37.2%), the Netherlands (35.8%), and Norway (34.5%). Greece (13.5%), Portugal (16.0%), and Hungary (16.8%) have the lowest penetration in our sample. Table 2 reports estimation results of equation (4) The coefficient of the broadband introduction dummy is positive and significant in all three models. It is slightly larger in Model 2 without controls than in Model 1, as expected. The results suggest that after a country has introduced broadband, GDP per capita is on average between 1.9 and 2.5 percent higher than before its introduction, controlling for country and year fixed effects. Table 3 reports estimation results of equation (6) However, the results of both sets of regressions cannot be interpreted as causal effects of the introduction and diffusion of broadband. As discussed above, the timing of broadband introduction and its subsequent diffusion may depend on the demand of the population for new technologies or sector-specific regulation in telecommunications, which may bias the OLS results.
The Association between Broadband and Economic Growth

The Causal Effect of Broadband Infrastructure on Economic Growth
Instrumental Variables Derived from a Technological Diffusion Model
The associations between broadband and economic growth reported so far may suffer from different sources of endogeneity bias. One concern is reverse causality, in that both the year of broadband introduction and its subsequent penetration may be endogenous and depend on economic development. In wealthy countries, the demand of the population for new technologies might drive the emergence and diffusion of broadband. This is in line with Comin and Hobijn (2004) , who provide evidence that most of the 20 technologies they study over two centuries are adopted first in advanced economies and subsequently trickle down to countries that lag economically. Another source of endogeneity may be state intervention in the telecommunication sector.
State intervention will typically depend on economic development in a country, thus We address these endogeneity concerns using an instrumental-variable (IV) approach based on the fact that most commonly used broadband standards (e.g. ADSL, VDSL) rely on the copper wire of the voice-telephony network or the coaxial cable of the cable-TV network between the main distribution frame or the street cabinet and the household. In countries where fiber is rolled out to the homes (i.e., broadband via fiber-to-the-home, FTTH), the existing ducts of the traditional networks are used to reduce deployment cost of broadband. In other words, access to one of these existing infrastructure elements built for other purposes than the provision of broadband is necessary for economically viable fixed-line broadband roll-out. These existing elements are therefore relevant instruments for fixed-line broadband deployment to determine its causal effect on economic growth. We thus assume that the maximum reach of broadband γ i (i.e., the ultimate "ceiling" of broadband penetration) is determined by the extension of the voice-telephony and cable-TV networks that existed prior to broadband infrastructure:
To represent the extent of the traditional telecommunication and cable networks, we use the number of telecommunication access lines per 100 inhabitants in the year 1996 (tel_net i0 ) and the number of cable-TV subscribers per 100 inhabitants in 1996 (cable_net i0 ), i.e., in the year before the first country introduced broadband. 
Again, B it is the broadband penetration rate in the population. The diffusion curve can be characterized by the parameters γ, β, and τ that determine the maximum broadband penetration level (saturation level), the diffusion speed, and the inflexion point of the diffusion process, respectively. At the inflexion point τ, the diffusion curve has its maximum growth rate β/2. ε it is an error term.
Inserting equation (7) 
Instrumental-Variable Results
The first stage of our IV model is a logistic model of technology diffusion, estimated by nonlinear least squares. Models 1 and 2 of Table 4 Table 4 . Diffusion speed and inflexion point do not vary across countries. By contrast, the saturation level is country-specific and is a linear function of telephone access lines per 100 inhabitants and cable-TV subscribers per 100 inhabitants in the year before the first emergence of broadband.
Results of the second-stage model that estimates GDP per capita as a function of broadband introduction in a difference-in-differences framework (i.e. equation (4)) are reported in Models 1-3 of Table 5 . In all three model specifications, broadband introduction (as predicted by the first-stage diffusion model) has a strongly significant positive effect on GDP per capita. To account for the fact that broadband penetration is itself the result of a (non-linear) first-stage estimation, standard errors are bootstrapped (500 repetitions) in this and the subsequent models. Across our three model specifications, the results imply that after the introduction of broadband, GDP per capita was 2.7 to 3.9 percent higher than before, controlling for country and year fixed effects. In all three specifications, the IV results are slightly larger than in the OLS regressions, suggesting that the OLS regressions are downward biased. However, only in Model 3 is the difference between OLS and IV estimates statistically significant.
To test the assumption of this difference-in-differences approach that countries that have not (yet) introduced broadband and countries that have introduced broadband had the same time trends before broadband introduction, Models 4-6 additionally include "placebo introduction dummies" for points in time before the introduction of broadband that is actually predicted.
Specifically, the models include placebo introduction dummies for two and three years before broadband introduction, i.e., before the predicted broadband penetration rate reached 1 percent. 6 The placebo introduction dummies do not enter the model significantly. What is more, the effect of broadband introduction on GDP per capita is hardly affected at all by the inclusion of the placebos. Similarly, placebo introduction dummies for two and three years after actual broadband introduction (not shown) do not enter the model significantly and do not change the result on actual broadband introduction.
7 6 We do not include the placebo dummy for one year before introduction because in some countries counterfactual broadband penetration rates in this year are very similar to those in the counterfactual year of introduction. The maximum of the broadband penetration rate in the year before introduction was 0.99 percent, while the minimum in the year of introduction was 1.003 percent, making the difference somewhat arbitrary. In contrast, the counterfactual broadband penetration rate for two years before introduction has a maximum value of 0.53 percent. 7 Results for the post-introduction placebo dummies are available from the authors on request. Notes: Second-stage estimation for 1996-2007. The year of broadband introduction is predicted from the first-stage diffusion curve reported in Table 4 , referring to the year in which the predicted broadband penetration rate was larger than 1%. Sample of OECD countries. Five countries drop from the full model due to lack of data on control variables. Bootstrapped z statistics in parentheses. Significance at * 10%, ** 5%, *** 1% level.
Our alternative second-stage model in equation (6) is based on a standard growth regression framework. As shown in Models 1-3 of Table 6, (first-stage In Table 7 , we add a full set of country fixed effects to the growth regression. In this specification, identification comes only from variation in growth rates within countries over time. Still, we can identify significant positive effects of the broadband penetration rate on growth rates which are rather precisely identified and, in the case of the first two models, even larger than without the country fixed effects. Models 4-6 additionally include time dummies for three-year intervals (1999-2001, 2002-2004, and 2005-2007 , with 1996-1998 as the reference time period) to capture different phases of global economic growth. Again, the estimated effect of broadband diffusion on growth in per-capita GDP is hardly affected. Notes: Second-stage estimation for 1996-2007. Broadband penetration rates and year of broadband introduction are predicted from the first-stage diffusion curve reported in Table 4 . Sample of OECD countries. Five countries drop from the full model due to lack of data on control variables. Bootstrapped z statistics in parentheses. Significance at * 10%, ** 5%, *** 1% level. Notes: Second-stage estimation for 1996-2007. Broadband penetration rates and year of broadband introduction are predicted from the first-stage diffusion curve reported in Table 4 . Models 4-6 include dummies for three-year time intervals (1999-2001, 2002-2004, and 2005-2007; 1996-1998 is the reference interval). Sample of OECD countries. Five countries drop from the full model due to lack of data on control variables. Bootstrapped z statistics in parentheses. Significance at * 10%, ** 5%, *** 1% level. Notes: Second-stage estimation for 1996-2007. Broadband penetration rates and year of broadband introduction are predicted from the first-stage diffusion curve reported in Table 4 . Dummies for having passed 10% and 20% broadband penetration rates as well as interactions of these dummies with the broadband penetration rates are included to test for network externalities. Sample of OECD countries. Five countries drop from the full model due to lack of data on control variables. Bootstrapped z statistics in parentheses. Significance at * 10%, ** 5%, *** 1% level.
Communication infrastructure is sometimes argued to be subject to network effects. As a consequence, the effect of broadband infrastructure on economic growth may not be linear.
Specifically, broadband penetration may need to reach a "critical mass" to realize its full impact on economic growth. To test for this, we include interaction terms of the predicted broadband penetration rate and step dummies for having reached at least 10 and 20 percent broadband penetration rates. Note that broadband penetration rates range between 13.5 and 37.2 percent in 2008. The results of this specification are reported in Table 8 
Tests for Instrument Validity and Robustness
Existing networks for voice telephony and cable TV were completed well before the introduction of broadband and were installed for purposes other than broadband use, i.e., for voice telephony and the transmission of TV signals. Given that we measure the extent of the voice-telephony and cable networks in 1996, they are pre-determined when considering broadband diffusion. However, pre-determination does not necessarily constitute exogeneity in the econometric sense.
In this section, we analyze whether the voice-telephony and cable networks might have an independent direct effect on economic growth or affect economic growth through other channels than broadband.
In principle, our instruments -the extension of the traditional telephone and cable networks - Table 9 .
We find no significant effects of penetration of the traditional networks on the diffusion of mobile telephony and computers. Voice telephony and cable TV only determine broadband diffusion and not the diffusion of other potentially growth-enhancing technologies, underlining the validity of our instruments.
Fixed-line voice telephony could also have a direct effect on growth (Röller and Waverman 2001 ). However, the direct effect of fixed-line voice telephony is expected to weaken with upcoming substitutes such as mobile telephony and voice-over-IP telephony, so that the direct effect of fixed-line voice telephony is likely to have subsided in our period of analysis, starting in the late 1990s. 8 Moreover, our models control for the initial level of GDP per capita in 1996, the year before broadband was first introduced, which would capture any potential indirect effects of voice-telephony and cable-TV networks on GDP per capita growth through past GDP per capita.
Still, the non-linear form of our first stage allows us to test for any effects that the fixed-line voice-telephony and cable-TV networks might have on growth. In Model 1 of Table 10, Aghion and Howitt 1998) further state that the effect of human capital is not limited to increased labor productivity. Human capital also increases the innovative capacity of an economy, which in turn results in new processes and products, consequently promoting growth. Therefore, one could argue that the diffusion of broadband may proxy for the level of human capital. To test for this, we include the average number of years of schooling of the working-age population in levels in addition to its growth rate in our growth regression. 10 The results are presented in Model 4 of Table 10. Again, including the level of years of schooling does not diminish the impact of broadband diffusion on economic growth.
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9 Alternatively, one might add a regulatory index that reflects the attitudes towards regulation in the different countries. However, consistent time series on regulatory attitudes are not available for our complete observation period. Moreover, the development of attitudes towards regulation is not exogenous but may depend on the evolution of the telecommunication sector and the economy. 10 For a discussion of empirical evidence on the effects of levels of and growth in years of schooling, see Hanushek and Woessmann (2008) . 11 We experimented with firm-level micro data from the Community Innovation Survey (CIS) of the European Union to gauge at possible channels through which broadband may affect growth. Unfortunately, for our purposes this database provides only two waves (CIS3 in 1998-2000 and CIS4 in 2002-2004) for nine countries (covering some 70,000 firms). Although these data limitations prohibit far-reaching interpretations, controlling for country and time fixed effects and clustering standard errors at the country x survey level, we find a positive effect of the national broadband penetration rate on radical product innovations that are new to the market and on process innovations. Detailed results are available from the authors upon request.
Conclusion
In this paper, we analyzed the effects of broadband infrastructure on economic growth. Based on annual data for a panel of OECD countries and using an instrumental-variable approach, we find that the introduction and diffusion of broadband had an important impact on growth in GDP per capita. After a country has introduced broadband, GDP per capita is 2.7 to 3.9 percent higher on average than before its introduction, controlling for country and year fixed effects. In terms of subsequent diffusion, an increase in the broadband penetration rate by 10 percentage points raises annual growth in per-capita GDP by 0.9 to 1.5 percentage points.
Our results are robust to numerous tests and the inclusion of additional control variables. Our instrument for the supply of broadband, the penetration of underlying network infrastructure technologies, is successful in removing potential sources of reverse causality between growth and broadband diffusion and is shown to determine the deployment of broadband, but not of other technologies emerging around the same time. This provides confidence that our approach indeed isolates the causal effect of broadband infrastructure.
We close by discussing two limitations of our study. First, our measure of broadband is a rough one insofar as it considers any bandwidth over 256 kbit/s to be broadband. That is, the available data does not allow us to consider differences in the average or maximum bandwidths across countries, so that we concentrate on analyzing the extensive margin of broadband diffusion, i.e., the number of broadband users. Clearly, extensive diffusion may not tell the full story, as a new technology may be used more or less intensively by its users.
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However, as we are interested in the wide range of opportunities arising from increasing broadband deployment, extensive diffusion constitutes an informative measure. Second, given that broadband did not emerge until the mid-1990s and that technologies get replaced by new technologies like mobile broadband, our results represent medium-term effects for the period in which fixed broadband represents the main driver to enable firms to improve through new products, processes, and business models. Long-run projections of the effect of broadband on growth cannot be made without a longer sample period and a better understanding of the role that broadband may play in triggering further infrastructure innovations in the future.
However, our results show an economically significant and robust effect of broadband diffusion on economic growth even in the time span of just over a decade. This evidence can serve as a lower bound for the potential long-term effects of broadband infrastructure, which can be adequately assessed only once longer time series become available.
